We propose a method that allows power conversion from DC magnetic fields to AC electric voltages using domain wall (DW) motion in ferromagnetic nanowires. The device concept relies on spinmotive force, voltage generation due to magnetization dynamics. Sinusoidal modulation of the nanowire width introduces a periodic potential for a DW the gradient of which exerts variable pressure on the traveling DW. This results in time variation of the DW precession frequency and the associated voltage. Using a one-dimensional model we show that the frequency and amplitude of the AC outputs can be tuned by the DC magnetic fields and wire-design.
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Spinmotive force is one of the emerging concepts in spintronics 1, 2 , which allows direct conversion of magnetic energy to electric voltage in magnetic nanostructures. The embodiment of this effect was considered in a ferromagnetic nanowire containing a magnetic domain wall (DW) 3 . Application of a DC magnetic field induces DW motion along the nanowire. The exchange interaction mediates energy transfer between the local moment and the conduction electron spin. As a result, a DC electrical voltage develops across the DW where the source of the electric power is the Zeeman energy. The rate of conversion is given by Phγ/e ∼ 10 2 µV/T where P is the spin polarization of the ferromagnetic material,h is the Planck constant divided by 2π, γ is the gyromagnetic ratio, and e is the elementary charge. Thanks to advances in microfabrication technology, the prediction has been confirmed in controlled experiments using the lock-in technique 4 and the time-domain measurement 5 . Striking features of the spinmotive force are listed as follows: 1) In contrast to the inductive voltage where the time variation of a magnetic flux is required, solely a DC magnetic field can generate an electric voltage (see, e.g., Fig.2a in Hai et al. 6 ).
2) The conversion rate is represented by fundamental constants apart from the material-dependent P , offering high energy conversion efficiency and precise determination of important parameter P by measuring the output voltages as a function of applied fields. 3) Applications using this effect can operate as active devices with zero stand-by power 7 and such a power-conversion ability between magnetic and electric systems might open up spin-based power electronics.
Recently, in addition to the DC voltage generation from the field-induced DW motion, gyration of a magnetic vortex core has been shown to generate AC voltages from applied AC magnetic fields (microwaves) where contribution of the standard inductive voltage is carefully separated from the spinmotive force signal 8 . Moreover, the AC to DC magnetic power converter (i.e., from AC magnetic fields to DC voltages) was demonstrated in a comb-shaped ferromagnetic thin film in which spatially selective ferromagnetic resonance is excited 9 . However, the inversion of the latter device, i.e., a magnetic power inverter, has not been established yet.
In this paper, we propose a method of AC voltage generation due to application of a DC magnetic field using DW motion in a periodically modulated nanowire as shown in Fig. 1(a) . Since a DW has a surface energy due to the exchange interaction and magnetic anisotropy the modulation of the wire width introduces a variation of the potential energy for the DW. The geometrical confinement arising from this effect is commonly used for pinning DWs 10, 11 . It has been suggested that DW motion can be induced solely by the shape effect and the intrinsic magnetic energy of the DW can be exploited via the spinmotive force mechanism 7,12 . We consider a perpendicularly magnetized thin wire, in which the thickness of the wire is constant while the width is modulated as
with the average widthw = (w 1 +w 2 )/2, modulation rate r = (w 1 − w 2 )/w, and period d as indicated in Fig. 1(a) . 
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A DW is prepared in the nanowire and a DC magnetic field H DC is applied perpendicular to the plane (the z direction) to drive the DW along the wire (the x direction). Then the voltage induced by the DW motion is measured between the ends of the wire. First, we analytically investigate influence of the width modulation on the spinmotive force using a collectivecoordinate model in which the dynamics of a DW is characterized by two collective coordinates, the center position q and the tilt angle ψ of the DW plane relative to the easy-plane. Importantly, in addition to the applied field, a DW in the spatially nonuniform nanowire is subjected to the "shape-effect field" due to the variation of the surface energy 7, 13 :
where σ = σ 0 1 + Q −1 sin 2 ψ 1/2 is the surface energy density of a DW and M s is the saturation magnetization. Here σ 0 = 4 √ A s K u with A s the exchange stiffness constant, K u the uniaxial anisotropy constant, and Q is the ratio of K u to the hard-axis anisotropy constant. Here and hereafter the upper (lower) sign corresponds to the up-down (down-up) DW for the present coordinatesystem. Figure 1(b) illustrates H shape as a function of the DW position for the sinusoidally modulated width (1). The peak hight H max is given by
In Fig. 1(c) , we show the shape dependence of Eq. (3). For |H DC | < ∼ H max , a DW is trapped by the potential well and the total field acting on the DW becomes zero. This leads to the threshold field for the voltage generation. When a DW propagates along the sinusoidal wire the AC voltage with the amplitude (Phγ/e)µ 0 H max is expected. In the uniform limit, r → 0 or d → ∞, the shape effect disappears.
In the one-dimension model, the voltage due to DW dynamics is given by
Note that the growing side of the magnetic domain becomes high voltage being independent of the wall type 5 . To evaluate this voltage, the DW dynamics has to be calculated. The time evolution of (q, ψ) is described by the reduced Landau-Lifshiz-Gilbert equations including the shape-field,
where α is the Gilbert damping constant, ∆ = A s /K u is the wall width, H K is the hard-axis anisotropy field, and µ 0 is the magnetic constant. In a uniform nanowire the time-average DW velocityv DW is well described bȳ
is the Walker breakdown field. In the sinusoidal nanowire, the condition for the Walker breakdown is replaced by |H DC + H shape | > H W . The one-dimensional description is more accurate for perpendicularly magnetized nanowires with high magnetic anisotropy such as Co/Ni multilayers 14 than for Permalloy nanowires where the DW structure is deformed during the propagation 15 . It has been shown that the rigid DW motion supported by the high magnetic anisotropy is favorable for stable generation of the spinmotive force 16 . In the following, we numerically solve the onedimensional model (5) and (6) for the sinusoidal nanowire defined by (2) to clarify the AC output characteristics of the DW-induced voltages. −11 J/m, K u = 4.0×10 5 J/m 3 , and µ 0 H K = 50 mT. We set the modulation parameters for the sinusoidal wire as d = 150 nm, r = 5 %, and the applied DC magnetic field µ 0 H DC = 0.1 T. In addition to the small-amplitude oscillation associated to the Walker breakdown as shown in the inset of Fig. 2 , the AC component with the amplitude ∼ ±1.7 µV and the period ∼ 85 ns appears for the sinusoidal nanowire. The base line is the DC component (Phγ/e)µ 0 H DC = 6.93 µV. The asymmetry found in positive and negative waveforms of the AC component is caused by the difference of the DW velocity,q, for the shape-field assisting and being against the DW propagation respectively. We discuss the shape dependence of the asymmetry later.
The AC voltage amplitude agrees well with the predicted value, (Phγ/e)µ 0 H max = 1.72 µV, using Eq. for the present geometry, which is basically independent of H DC as shown in the inset of Fig. 3 . The period T is determined by
To see the H DC dependence of the AC component, we perform the Fourier analysis of the calculated voltage signals. We focus on the angular frequency ω AC = 2π/T of the AC component induced by the shape effect. In the frequency domain, we identify the second highest peak as the shape-induced frequency as well as the highest DC component and the small peak of the anisotropy origin (the Walker breakdown).
In Fig. 3 , we plot ω AC for representative magnetic fields, µ 0 H DC = 10, 30, 50, 70, and 90 mT. The parameters used here are the same as in Fig. 2 . The general features of the frequency can be understood by the approximate expression:
as indicated by the dashed line in Fig. 3 . The deviation from Eq. (7) near the threshold value can be attributed to the nonlinear DW dynamics 13 where the contribution from the anisotropy field plays a decisive role. It is interesting to investigate such nonlinear behaviors in more detail but we leave these problems for future work.
In the inset of Fig. 3 , we show the time-domain signals for corresponding H DC . Note that the threshold value is µ 0 H max 25 mT for the present geometry. For µ 0 H DC = 10 mT, the voltage signal becomes zero as the DW is trapped by the geometrical potential. For µ 0 H DC = 30 mT, the asymmetry of the AC signal is pronounced. On the other hand, for the larger H DC the monochromaticity increases since the relative variation Finally, we remark that the periodic potential for a DW can be realized by modulating not only the width but the thickness of a nanowire, or the radius of a magnetic nanotube. In a cylindrical nanotubes, the hard-axis anisotropy is absent, leading to fascinating features for DW dynamics 17 , and thus, for the associated voltages. Different materials have different AC characteristics, e.g., the faster DW motion could achieve the GHz operation. This also merits further investigation.
In summary, we have presented the concept of a magnetic power inverter: power conversion from DC magnetic field to AC electric voltage. The device consists of a periodically modulated ferromagnetic nanowire with a DW. We have investigated systematically the output voltage characteristics as a function of the input DC magnetic fields and the geometrical parameters of the nanowire using the one-dimensional model for the DW. We have shown that by tuning the magnetic field and the wire geometry the variable frequency ranging from MHz to GHz can be achieved. The proposed device operates as an active element in future spin-based power electronics, or power spintronics.
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